Summary A new case of familial tumoral calcinosis (FTC)/ hyperostosis-hyperphosphatemia syndrome (HHS) due to a novel compound heterozygous mutation in N-acetylgalactosaminyltransferase 3 (GALNT3) and with new phenotypic findings is presented. The response in serum phosphate and fibroblast growth factor 23 (FGF23) to medical treatment is detailed. This case expands the genotype and phenotype of FTC/HHS and gives insight into its treatment and pathophysiology. Introduction FTC and HHS are caused by mutations in FGF23, GALNT3, or KLOTHO. They are characterized by hyperphosphatemia, increased phosphate reabsorption, and elevated or inappropriately normal serum 1,25-dihydroxyvitamin D 3 (1,25-D 3 ); FTC is associated with calcific masses, and HHS with diaphyseal hyperostosis. Methods A 36-year-old woman presented with abnormal dental X-rays at age 12 and was hyperphosphatemic at 22. She underwent radiographic, biochemical and genetic testing, and medical treatment. Results Serum phosphorus was 7.3 mg/dL (2.5-4.8), TmP/ GFR 6.99 mg/100 mL (2.97-4.45), 1,25-D 3 35 pg/mL (22-67). Radiographs revealed tooth anomalies, thyroid cartilage calcification, calcific masses in vertebral spaces, calcification of the interstitial septa of the soft tissue in the lower extremities, and cortical thickening of the long bones. Her total hip Z score was 1.9. C-terminus serum FGF23 was 1,210 RU/mL (20-108), but intact FGF23 was 7.4 pg/mL (10-50). DNA sequencing determined she was a compound heterozygote for mutations in GALNT3. Treatment with niacinamide and acetazolamide decreased TmP/GFR and serum phosphate, which was paralleled by a decrease in serum C-terminus FGF23. Conclusions This case broadens the spectrum of phenotypic and genotypic features of FTC/HHS and suggests treatments to decrease renal phosphate reabsorption in the setting of a low intact FGF23.
Introduction
Familial tumoral calcinosis (FTC) and hyperostosishyperphosphatemia syndrome (HHS) are rare disorders that are characterized by hyperphosphatemia due to increased renal phosphate reabsorption and elevated or inappropriately normal serum 1,25-dihydroxyvitamin D 3 (1,25-D) levels [1, 2] . Phenotypically, these two disorders have been distinguished by the fact that FTC is associated with subcutaneous calcific masses, and HHS with painful diaphyseal hyperostosis. Recently, it has been shown that FTC can be due to mutations in fibroblast growth factor 23 (FGF23) [1] , N-acetylgalactosaminyltransferase 3 (GALNT3) [2] , or KLOTHO [3] . Those cases that have been phenotypically characterized as HHS have only been shown to be caused by mutations in GALNT3 [4] [5] [6] [7] . Common to all the patients with disease caused by these mutations is the fact that they have very low serum levels of intact FGF23, but high levels of C-terminus FGF23. FGF23 is secreted by bone cells [8] , and it is believed that the intact form of FGF23 acts at the kidney to regulate phosphate reabsorption and vitamin D production [9] . GALNT3 is a glycosyltransferase that is presumed to be involved in FGF23 glycosylation [10, 11] , and KLOTHO is a coreceptor for FGF23 [12] . Significant phenotypic overlap exists between FTC and HHS, and it is possible that these disorders represent not so much distinct entities, but phenotypic variations of disruption of the FGF23/ GALNT3/KLOTHO axis. In this study, we present a new case of FTC/HHS. Careful characterization revealed a phenotype with aspects of both FTC and HHS, as well as several novel findings. Genetic testing revealed a novel compound heterozygous genotype of two previously described mutations in GALNT3.
Materials and methods
The patient was a 36-year-old Caucasian woman of FrenchCanadian descent who presented at the age of 12 with an asymptomatic abnormal dental radiographs showing hypercalcification of multiple tooth roots. Starting at age 17, she complained of bilateral knee pain and swelling, and several years later, developed discomfort in her hands. These symptoms waned with time and were not present on the current examination. Hyperphosphatemia was not noted until the age of 22. Subsequently, she had been treated intermittently with calcium carbonate as a phosphate binder and a low-phosphorus diet. Since 2000, her phosphate level had consistently been documented to be in the 6-to 7-mg/dL range. She had no other signs or symptoms of FTC or HHS. At the age of 34, a 1.5-cm thyroid nodule was detected on routine examination. It proved to be a focus of stage 2 papillary thyroid cancer for which she was treated with thyroidectomy, radioactive iodine, and thyroid-stimulating hormone (TSH) suppression. Her family history was negative for disorders of mineral metabolism. Serum phosphorus was checked in her parents and one of the two siblings and was found to be normal.
Her height and weight were 149 cm and 62.6 kg, respectively. She was normotensive, and her general appearance was that of a normal female without dysmorphic features. On examination, a firm nodule on the right lower gum line and a solid submental calcification of the salivary gland were noted. The remainder of the physical examination was normal. She underwent radiographic, biochemical, and genetic testing.
In an effort to determine whether renal phosphate reabsorption could be decreased, she was treated with niacinamide and acetazolamide, both of which have been shown to decrease renal phosphate reabsorption. She received 2 days of niacinamide, 500 mg twice a day, followed by a 24-h washout period, and was then treated for 3 days with acetazolamide, 500 mg twice daily.
Results
Serum phosphorus was 7. Panoramic and periapical dental radiographs revealed normal enamel, but anomalies of the roots and dentin were evident. Anomalies of root formation included dramatically shortened maxillary premolar roots and midroot enlargement prominently affecting the premolars and canines (Fig. 1a) . Root dilacerations were evident on several molar and premolar teeth. The dental pulps were significantly altered, showing unique thistle shapes in the upper third of the root. The apical extent of the thistle-shaped pulps was delineated by radiopacities below which the root canal was again apparent (Fig. 1b) . The molars showed an apical extension of the crown body at the expense of the roots.
There was age-inappropriate prominent calcification of the thyroid cartilage ( Fig. 1c) and anterior costal cartilage of the lower ribs (not shown). There were multiple foci of vertebral disc calcification involving the nucleus pulposus and the annulus fibrosis (Fig. 1f) . There was discrete calcification of the interstitial septa in the calves (Fig. 1d) . The cortices of the long bones, particularly the tibia and fibula, were diffusely and mildly thickened (Fig. 1e) .
Bone density showed a total hip Z score of 1.9, AP spine Z score 0.3, and left forearm Z score 1.0. There were no calcific masses or evidence of coronary calcifications as determined by computed tomography calcium scoring.
Results of gene testing identified a previously reported benign polymorphism in exon 3 of FGF23, P195S, (dbSNP # rs13312793), and compound heterozygous p.R438C and p.Q592X mutations in GALNT3 as etiologic for the disease (Fig. 2a) . These mutations result in a stop codon at position 592 and a missense mutation known to be causative for HHS, as previously identified in a report by Olauson et al. [13] .
Consistent with all other reported cases of FTC/HHS, serum FGF23 was elevated when measured by a C-terminus assay (1,210 RU/mL ; Immunotopics, CA, USA), but low on an intact assay (7.4 pg/mL ; Kainos, Tokyo, Japan). Daily serum phosphorus, calcium, and serum FGF23 (intact and C terminus) were monitored during a trial of nicotinic acid and acetazolamide (Fig. 2b) . There was a minor decrease in TmP/GFR and serum phosphorus in response to niacinamide treatment and a slightly greater decrease in response to acetazolamide treatment. During niacinamide and acetazolamide treatment, there was a e Age-inappropriate prominent calcification of the thyroid cartilage (arrow). f Discrete calcification of the interstitial septa of the subcutaneous soft tissue in the calves (arrows) adjacent to the tibia (thick black arrow). g Mild femoral cortical thickening, more prominent in the diaphyses (arrows). h Round, small calcifications in the disk spaces of C2-3, L2-3,L3-4, and L5-S1 (arrows)
variable change in C-terminus FGF23 levels, but, in general, the levels paralleled the changes in serum phosphorus (Fig. 2b) .
Discussion
The biochemical hallmarks of FTC/HHS are hyperphosphatemia due to increased reabsorption of phosphate at the kidney and inappropriately normal or elevated levels of 1,25-D 3 . FTC and HHS can be viewed as the clinical converse of the FGF23 overproduction syndromes, Xlinked hypophosphatemia [14] , and autosomal dominant hypophosphatemic rickets [15] . The C-terminal FGF23 level is significantly increased in affected individuals with tumoral calcinosis. However, in spite of significantly increased concentrations of C terminus FGF23, renal phosphate reabsorption and 1,25-D generation are low, suggesting that intact FGF23 is the active hormone regulating phosphate and vitamin D metabolism at the kidney. The disease severity of tumoral calcinosis is quite variable, ranging from isolated eyelid calcifications to massive periarticular calcifications. Even considering the phenotypic variability of this disorder, our patient appeared to be considerably less affected than previously reported cases. The greatest morbidity associated with FTC/HHS may be due to vascular calcification [16] . The absence of any coronary calcification in this patient was reassuring. The presenting sign in our patient at age 12 was findings on Fig. 2 Results of GALNT3 gene sequencing and response to niacinamide and acetazolamide treatment. a DNA sequencing of GALNT3 revealed a C→T transversion resulting in the replacement of an arginine with a cysteine at the position 438 (R438C) and a nonsense mutation (C→T) at position 592 resulting in a premature stop codon (Q592X). b The percent change in TmP/GFR, serum phosphorus, and C terminus FGF23 response to treatment with niacinamide and acetazolamide are shown. The treatment periods are indicated by the boxes. There were responses in TmP/GFR and phosphorus to treatment that were accompanied by changes in serum C terminus FGF23, which, in general, paralleled the changes in TmP/GFR and serum phosphorus dental radiographs. Dental radiographs at age 35 revealed the shortened maxillary premolar roots and root dilacerations. In the most dramatic findings, the root pulps demonstrated a unique thistle-shaped configuration in the coronal third half of the root. The thistle-shaped pulp terminated at the coronal extent of the midroot bulge (Fig. 1b) . The pulps of the molar teeth appeared mineralized and were not radiographically evident. Our results are consistent with those of Burkes et al. who noted that, radiographically, the teeth have short bulbous roots, pulp stones, and partial obliteration of pulp cavity [17] . The dramatically shortened maxillary premolars, the canine and premolar midroot bulging, and the thistle-shaped pulps that end at the area of midroot enlargement are striking and unique. The presence of such unique and dramatic pulp and root changes indicate that the development of the teeth is affected between years 4 and 14, when most root development occurs. These lesions are different from dentin and root changes seen in dentin dysplasia and are unique enough that they may provide a new phenotypic marker for FTC [17] . HHS shares several clinical and metabolic features with FTC. In our case, the cortical hyperostosis and possibly the repeated episodes of "knee" pain and joint swelling, which subsequently resolved, can be interpreted as a HHS manifestation.
Our patient carried a compound heterozygous p.R438C and p.Q592X mutations in GALNT3. These mutations result in a stop codon at position 592 and a missense mutation. Specktor et al. described a patient with FTC that carried a homozygous nonsense mutation p.Q592X. He was a 32-year-old man who presented initially in childhood with recurrent episodes of conjunctival irritation, arthralgia, and dental abnormalities. He was found to have "salt-like" deposits on the conjunctiva, periarticular calcifications near the acromioclavicular joints, and both elbow joints [18] . Olauson et al. recently reported a homozygous missense mutation in exon 6 of GALNT3, leading to an amino acid shift from Arg to His at residue 438. In this case, the patient was a 19-year-old woman with HHS who presented with painful cortical lesions in the left tibia at 5 years of age. Radiological examinations indicated diaphyseal hyperostosis, periosteal reactions and edema in the surrounding tissue of the affected area [12] . It is interesting to note that, in most of the cases from the literature (reviewed in [19] ), patients with homozygous missense mutations of GALNT3 tend to meet the diagnostic criteria of HHS, while patients with homozygous nonsense mutations tend to fit the diagnosis of FTC phenotype. Our patient, having a compound heterozygote mutation, had manifestations of both FTC and HHS.
To investigate whether or not renal phosphate reabsorption could be modulated in FTC/HHS, we treated the patient with niacinamide, followed by acetazolamide, compounds known to affect renal phosphate reabsorption [20, 21] . Niacinamide is a B-complex vitamin that is converted to nicotinamide adenosine dinucleotide and nicotinamide adenosine dinucleotide phosphate, which are coenzymes for many oxidation-reduction reactions. Nicotinamide and its analogs, similar to PTH, increase intracellular cyclic adenosine monophosphate (cAMP) in kidney cells, and it is through this mechanism that it is believed to decrease renal phosphate reabsorption [20] . Acetazolamide is an inhibitor of the enzyme carbonic anhydrase, which, like PTH, increases renal cell cAMP and is believed to result in phosphaturia via this mechanism [21] . There are reports in the literature wherein long-term administration of acetazolamide appeared to be useful for the treatment of tumoral calcinosis resistant to phosphorus deprivation by aluminum hydroxide alone [22] . In this study, there were decreases in serum phosphate in response to short-term treatment with both niacinamide and acetazolamide. The response to niacinamide and acetazolamide in this patient supports the hypothesis that inhibition of renal phosphate transport via drugs with action at the kidney may have an effect on serum phosphate and, in turn, an effect on the serum FGF23 concentration. Longer treatment with higher doses and/or the addition of renal phosphate binders would likely have shown a greater effect. Interestingly, we noted that serum FGF23 appeared to change in parallel in response to changes in serum phosphate, suggesting the possibility of an intact feedback loop in the FGF23-producing cells to changes in serum phosphate. All reported mutations in both GALNT3 and FGF23 that cause either FTC or HHS result in a similar serum FGF23 profile (low levels of intact FGF23 and elevated C-terminal fragments). These findings imply that there is an interaction between GALNT3 and FGF23 and indicate that GALNT3 activity may be involved in the intracellular processing of intact FGF23 to N and C terminus FGF23 [23] .
This case broadens the spectrum of phenotypic and genotypic features of FTC/HHS and suggests ways to decrease renal phosphate reabsorption in the setting of a low intact FGF23.
